Spin filtering of ballistic electrons by ultrathin cobalt films of thicknesses ranging from 0.2 to 3.5 nm has been studied experimentally using nonmagnetic metal-ferromagnet-superconductor nanocontacts. In such systems the flow of electrons with energies below the superconducting gap is very sensitive to any net spin polarization of the electron current. This effect was used to quantitatively measure the transmission rates of up and down spin electrons passing through an individual ferromagnetic layer of nanometer thickness. © 1999 American Institute of Physics.
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The physics of electron transport at length scales of a few nanometers is of particular significance to the class of devices employing the extreme sensitivity of magnetic thin film structures to small magnetic fields ͓the giant magnetoresistance ͑GMR͒ and spin valve effects͔.
1 These devices are made of ferromagnetic layers separated by nonmagnetic spacer layers, both of nanometer scale thicknesses. The basic principle of the operation of these devices derives from the spin-filtering ability of the ferromagnetic layers, whereby they transmit electrons of different spin orientations at different rates. Even as a qualitative picture of spin filtering has emerged over the years, a complete theory explaining all the experimental data is still lacking.
2 This stems from the difficulty of measuring the spin-dependent transmission coefficients ͑probabilities͒ T ↑ and T ↓ of electrons at the Fermi level that are incident upon a ferromagnet from a normal metal.
Here we report measurements of T ↑ and T ↓ for single ferromagnetic layers. In order to make these measurements, we have sandwiched a ferromagnetic layer between a nonmagnetic metal and a superconductor ͑NFS trilayer͒ at the narrowest part of a nanofabricated point contact ͑5-10 nm in diameter͒. Measurements on a single ferromagnetic layer where the bulk scattering length is larger than the film thickness has allowed us to isolate the effect of interface scattering and make a determination of single-pass transmission coefficients for up and down spins. These measurements as a function of ferromagnet thickness directly demonstrate that spin filtering of the conduction electrons at the interface between the ferromagnet and the spacer layer is principally responsible for the GMR effect. Figure 1͑a͒ shows a schematic of our devices. To isolate the effect of interface scattering, we have made the contact size smaller than the scattering lengths in the electrodes. For a nonmagnetic metal-ferromagnet-nonmagnetic metal ͑NFN͒ structure, the conductance is determined by single electron transmission coefficients and is given by
where A is the area of the contact, T ↑ and T ↓ are the average transmission coefficients for up-spin and down-spin electrons, respectively, e is the electronic charge, h is Planck's constant, and k F is the Fermi momentum of the electrons. However, there are at least three unknowns in the problem, T ↑ , T ↓ , and A. Since it is not possible to measure the contact size independently, a measurement of the conductance of this device is not sufficient to determine T ↑ and T ↓ . We solve this by using a superconductor as one of the electrodes. For every up-spin electron incident on the Co film, there is also an incident down-spin electron. Upon passing through the Co an up-spin electron can be transmitted into the superconductor only if it is accompanied by a down-spin electron. This process is known as Andreev reflection. 3 If up-spin electrons are transmitted preferentially by the Co, not every up-spin electron will have a down-spin electron with which to pair and this will give rise to a reduction in Andreev reflection. 4 Our samples were made by thermal evaporation in a vacuum of low 10 Ϫ7 Torr onto both sides of a silicon-nitride membrane containing a tapered nanohole ͑3-10 nm minimum diameter͒. 5 Copper was evaporated first to fill up the ''bowl,'' followed by a thin cobalt layer on the other side of the membrane, thus forming the nanocontact. Lead was evaporated last to cover the cobalt and to form the superconducting electrode. The fabrication technique yields clean interfaces with no oxide formation. Pb was chosen as the superconductor because it does not dissolve in Co or Cu at room temperature. 6 We measured the conductance GϭdI/dV as a function of voltage at 4.2 K both when lead was superconducting (G NFS ) and when it was driven normal by a 2 kOe magnetic field (G NFN ). Since the excess conductance in the superconducting case arises due to the Andreev process,
can be used as a measure of the Andreev reflection probability. 7 We have measured the spin-filtering effect for Co layers of four thicknesses: 0.2, 0.5, 2.0, and 3.5 nm. In Fig. 1͑b͒ , we show g(V) for a representative sample from each set of samples. Since our measurement volume is approximately the size of the contact ͑5-10 nm͒, sample to sample variations should be expected to exist for the same Co film thickness, but in each case g(V) varied by no more than 0.02. This variation was uncorrelated to the sample resistance ͑contact size͒ which varied between 5 and 50 ⍀.
To their treatment of normal metal-superconductor ͑NS͒ junctions took interface scattering into account by including a delta-function potential in the Hamiltonian of the electron. In our case we treat the cobalt film itself as an ''interface'' between the superconducting and the normal electrodes. In order to take spin-dependent transmission rates of this interface into account, we use different scattering potentials for up-and down-spin electrons,
The strength of scattering by the interface is measured by the dimensionless parameters,
To simplify further, we assume that the Fermi momenta in Cu and Pb are the same. Then the transmission coefficients for the three-dimensional point contact when Pb is normal are given by
͑4͒
The bias dependent conductance of this model interface is then calculated in a manner that is discussed in detail elsewhere. 8, 9 The result can then be fit numerically to the experimental data g(V) to extract Z ↑ and Z ↓ , the two independent parameters in the theory, or equivalently the transmission coefficients T ↑ and T ↓ . Figure 1͑b͒ also shows the fits obtained using this model for the data for samples of different Co thicknesses. For ͉V͉р2 mV, where Andreev reflection is most important, the quality of the fit is quite good. In all cases the best fit is obtained when using a gap of 1.2 meV for lead which is slightly smaller than the bulk value ͑1.26 meV at 4.2 K͒. In Table I , we have summarized the resultant transmission coefficients as a function of cobalt film thickness. The statistical error bars are set by sample to sample variations. For individual samples the transmission coefficients can be determined to an accuracy of Ϯ0.002.
The spin-filtering property of the ferromagnetic film can then be characterized by the quantity
P T is the spin polarization of the transmitted current. If the scattering is spin independent, T ↑ ϭT ↓ and P T ϭ0. On the other hand, for a perfect spin filter, T ↑ ϭ1, T ↓ ϭ0 and P T ϭ1. Figure 2͑a͒ shows the spin polarization, P T , of the transmitted current of our Co layers as a function of layer thickness. Also shown as a shaded area is our prior measurement of the spin polarization of the electron current in a Co-Pb nanocontact. 10 There are several notable aspects in Fig. 2 . First, P T achieves 75% of its maximum value for only 0.2 nm of Co coverage, and once an average coverage of approximately two monolayers is achieved ͑0.5 nm͒, P T changes by less than 5% with any further increase in film thickness. This clearly demonstrates the dominant effect of interfacial spin-dependent scattering over bulk scattering in the spin-filtering process. Indeed, the small rise in P T between 0.5 and 2.0 nm is a clear qualitative indication of the relative effect of bulk spin-dependent scattering compared to that of the interfaces in magnetic multilayer thin film structures. The drop in P T shown at 3.5 nm may be attributable to the turning on of bulk spin-independent scattering in the Co leading to a reduction of the spin-filtering effect of the interfaces. 2 We have not made measurements on thicker films because the NFS nanocontact measurement technique is only valid when the film thickness is much smaller than the contact size. Finally, we note that the similar values for the spin polarization of the current flowing from bulk Co and for the maximum P T produced by filtering the current from Cu through a thin Co layer are a consequence of the fairly close match between the electronic band structure of Cu and that of the majority spin band of Co.
Several important experiments have previously examined the spin-dependent scattering parameters of cobaltbased, magnetic multilayer thin films. [11] [12] [13] These were performed in the bulk limit, where the size of the sample was much larger than the microscopic length scales, which are the individual layer thicknesses ͑1-10 nm͒ and the bulk scattering lengths. In the experiments by groups at Michigan State University 10 and Leeds University, 11 the spin dependence was characterized by the parameters,
is the interface resistance and F ↓(↑) is the resistivity of up-͑down-͒ spin electrons. In our experiments, ␣ F-N ϭT ↑ /T ↓ . Since increasing the film thickness between 0.5 and 3.5 nm has a very small effect on P T , ␣ F , which depends on bulk scattering rates, cannot be quantitatively measured in our ballistic devices.
In Fig. 2͑b͒ is a comparison of the results for ␣ F-N from these previous experiments to our results obtained with the 2 nm Co layer. The significant difference between the results can be understood on the basis that our measurements are made on a single Co layer whereas the aforementioned experiments were performed on multilayer samples with 10-70 layers. The results from these previous experiments were obtained from an analysis which assumed that, for a given spin, the resistances of interfaces add in series. However, if the motion of electrons is ballistic between interfaces, multiple scattering effects will have to be taken into account. There then will be a certain minimum unit of n layers that can be appropriately treated as a resistor to be added in series with other resistors. The rest of the analysis of these experiments will still follow since the resistance will scale with the total number of ferromagnetic layers. However, the quantities ␣ F-N and ␣ F are then characteristic of this unit of n layers and not of the individual layer itself. For simplicity, consider the case where the transmission coefficient for up-spin electrons is 1 while that of down spin-electrons is T. Then for a unit of n layers, the up-spin transmission coefficient will still be 1 while the down-spin coefficient will be reduced to T n ϭT/͓1ϩ(nϪ1)R͔ where Rϭ1ϪT.
14 The important point to note is that the effective transmission per interface for down-spin electrons is now lower. The measured ␣ F-N ϭ1/T n Ͼ1/T from a series-resistor fit is therefore expected to overestimate the parameters for a single layer. 
